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9 .  ABSTRACT 


The  behaviour  of  cracks  loaded  by  impact  generated  stress 
pulses  is  investigated.  Depend inq  on  the  impact  arrangement 
tension  or  shear  load  inq  at  extremely  high  rates  of  the 
stress  intensity  factor  can  be  realized. 

Uith  specimens  of  a  high  strength  steel  a  steep  increase 
of  the  tensile  fracture  toughness  has  been  observed  with 
ti me s-to- fracture  decreasing  to  about  5us.  This  oas  been 
measured  with  an  improved  shadow  optical  techniaue  in  re¬ 
flection.  The  assumption  of  an  incubation  time  is  used  to 
explain  this  behaviour  . 

A  novel  impact  geometry  is  introduced  tor  loading  cracks 
under  shear  by  pressure  waves  in  combination  with  inertial 
forces.  Interesting  shear  phenomena  were  found:  adiabatic 
shear  bands  or  dynamic  shear  cracks  are  generated  at  the 
crack  tip  .  For  their  production  temperatures  in  the  mel¬ 
ting  range  must  be  generated  by  a  very  high  lateral  strain 
gradient  and  remain  concentrated  to  a  small  volume  which 
moves  with  the  compression  field.  To  maintain  this  either  a 
low  heat  conduction  or  a  very  rapid  increase  of  the  com¬ 
pression  field  is  required.  This  explains  that  a  threshold 
in  the  compression  U . e ,  in  impact  velocity)  must  be  excee¬ 
ded  . 

Tensile  load  inq  of  a  crack  up  to  -»*105  MPa^fnv's  nas  been 
achieved  by  a  superposition  of  shear  waves  generated  at  the 
specimen  ooundari es  by  a  passing  compression  pulse.  This 
particular  succession  of  compression  and  tension  is  the 
reason  for  a  tast  rising  tensile  loading  at  one  of  the  two 
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1.  INTRODUCTION 


In  a  previous  research  project  'Fracture  Behaviour  Under 
Impact  (I)"  the  physical  behaviour  ot  cracks  under  impact 
loading  has  been  investigated:  Specimens  with.  single  edge 
cracks  or  arrays  of  multiple  cracks  were  loaded  by  t 1  me  de¬ 
pendent  tensile  stress  pulses  moving  perpendicular  to  the 
crack  direction.  The  pulses  were  produced  by  impinging  pro¬ 
jectiles.  Two  kinds  of  experiments  were  performed:  Firstly, 
the  projectile  hits  a  base  plate  which  m  turn  loads  a  spe¬ 
cimen  with  crack  in  tension.  Secondly,  the  specimen  is  di¬ 
rectly  impacted  by  the  projectile,  fit  ter  the  passage  of  a 
compressive  stress  pulse  through  specimen  and  impsctor 
stresses  are  Duilt  up  by  reflected  relief  waves  which  load 
the  crack  in  tension,  specimens  made  from  a  transparent  mo¬ 
del  material  and  a  high  strength  steel  were  investigated. 
Che  shadow  optical  method  of  caustics  m  combination  with 
high  speed  photography  was  used  to  measure  the  dynamic 
stress  intensity  r actor  h,  at  the  tip  ot  the  crack  as  func¬ 
tion  of  time.  The  stress  intensity  factor  at  onset  of  rapid 
crack  propagation,  i.e.  the  dynamic  fracture  toughness  >.|d  , 
was  determined  and  discussed  in  relation  with  the  loading 
history  and  the  t i me  to  fracture. 

The  technical  background,  the  experimental  set-up.  the  mea¬ 
suring  procedures,  ana  the  resuits  ot  these  investigations 
have  been  described  in  detai.  in  the  final  report  ot  the 
first  contract  111.  The  main  findings  ot  this  previous  re¬ 
search  work  are  summarized  here,  since  they  represent  the 
basis  for  this  follow-on  research,  "Fracture  Behaviour  Un¬ 
der  Impact  II". 

(  1  i  Uheri  testing  single-edge  cracked  specimens  made  from 
the  model  material  Rraldite  B  under  both,  base  plate  and 
direct  1 mp  act  loading  conoit  ions  t  l me  s - t  o - t  r  a  c  t  u  r  e  gown  to 
6  p  s  have  been  achieved.  Uo  to  this  load  inq  rate  the  obser¬ 
ved  impact  fracture  toughness  K  (d  did  not  show  a  aepenoence 
on  loading  rate.  These  results,  however,  are  in  contradic¬ 
tion  to  data  obtained  ov  Ravi- Chanda r  and  Knauss  1 2  ]  who 
reported  a  very  strong  increase  of  the  impact  fracture 
toughness  K.|dfor  another  model  material,  Hon. al  ire  100,  for 
time s- to- fracture  below  30  ps. 

(2)  Experiments  with  specimens  made  from  a  high  strength 
Ni-ma raging  steel  (German  designation  X2  NiCoMc  18  9  3), 
however,  resulted  in  a  strong  dependence  of  Ktd  from  loading 
rate  for  short  times-to-fracture.  Uith  regard  to  the  static 
fracture  toughness  K|c  these  data  first  show  an  unexpected 
reduction  in  toughness  for  times-to-fracture  in  the  range 
of  1*3  us  to  1C  jjia,  cut  an  urievpec  red  sty  rapid  increase  if 
the  t  ime-to-f  racture  is  decreased  further  down  to  6  jjs  .  The 


dynamic  toughness  then  becomes  even  larger  than  the  static 
one.  The  observed  experiment  a.  findings  nave  been  explained 
on  the  basis  of  a  novel  instability  criterion  which  is  ba¬ 
sed  on  the  assumption  of  an  incubation  time  tor  a  craci.  to 
start  propagating.  This  incubation  time  is  believed  to  be  a 
material  dependent  property. 

C  3  j  To  study  the  dynamic  interaction  of  multiple  crack  con¬ 
figurations  under  impact  loading  conditions,  too  parallel 
cracks  of  distance  h  in  Araldite  B  specimens  were  loaded 
by  a  tensile  stress  pulse  generated  in  t h e  case  plate  test 
arrangement.  Shadow  optics  and  short  time  cinematography 
revealed  a  rather  complex  time  dependent  stress  intensity 
factor  history.  For  early  times  much  larger  asymmetric  mode 
II  (in-plane  shear.'  contributions  are  prevailing  in  the  id¬ 
eal  crack  tip  fields  than  under  equivalent  static  condi¬ 
tions,  and  a  periodic  exchange  it  the  crack  tip  strain 
energy  from  one  crack  to  the  other  takes  place.  Only  for 
long  times  after  impact  the  overall  situation  becomes  simi¬ 
lar  to  the  one  under  static  loading  conditions. 

i.4.i  Tests  on  impact  loaded  specimens  with  cracks  ot  ditie- 
rent  lengths  did  not  show  an  influence  ot  crac  k  1  e  n  g  t  h  on 
stress  intensity  history  when  earl,'  times  after  impact  iere 
considered.  Only  at  1  a t e r  times  for  the  same  loading  pulse 
the  larger  cracks  exhibited  larger  stress  intensity  f ac  tors 
than  the  shorter  ones  as  one  would  expect  from  static  con¬ 
siderations.  Obviously,  in  the  regime  of  small  ratios  ot 
"time"  to  "crack  length",  besides  the  load  amplitude  it  is 
the  parameter  time"  and  not  the  "cracr,  length"  which  con¬ 
trols  the  fracture  beha  v lour . 


Within  the  follow-on  project  "Fracture  Behaviour  Under  Im¬ 
pact  II"  the  described  research  work  should  be  continued  in 
order  to  supplement  the  earlier  results  and  to  add  research 
on  the  newly  detected  phenomenon  o*  dynamic  shear  fracture 
under  high  rate  i o  a  d  l  n  g .  In  detail,  the  following  research 
tasks  were  defined: 


TASK  1:  Performance  or  additional  impact  loading  experi¬ 
ments  on  the  high  strength  steel  and  postevaluation  of  all 
results  to  substantiate  the  observed  increase  i  r  fracture 
toughness  w  l  t h  decreasing  loading  time  for  this  material. 
Impact  testing  of  the  material  Aomalite  ^00  in  order  to 
analyze  the  discrepancy  of  the  Araldite  B  results  with  the 
results  of  Ravi -Chanda r  and  knauss  L  2  1  . 


TASK  2:  Investigation  of  the 
tions  l n  impact  shear  tests 
stress  intensity  factor  K  „ 
strength  steel  specimen. 


mechanical  and  material  <~ondi- 
and  determination  of  the  shear 
in  Araldite  B  and  the  high 
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T ASK  3:  Investigation  uf  the  phenomenon  of  "crack  propaga¬ 
tion  in  an  impacted  specimen  during  the  compression  phase". 
This  method  may  advance  to  a  technique  for  reduced  time-to- 
f racture  experiments. 

TASK  4:  Improvement  of  the  accuracy  of  the  shadow  optical 
technique  applied  in  reflection  at  high  rate  impact  condi- 
t  ions. 

TASK.  5:  Additional  experiments  to  ve>  lfy  rhe  independence 
of  the  stress  intensity  factor  from  crack  length  for  early 
times  after  impact. 

During  the  execution  of  the  research  program  "Fracture  Be¬ 
haviour  Linder  Impact  t  I  I  > "  the  following  changes  were  made: 

Since  it  was  not  possible  to  make  available  m  time  test 
pieces  of  the  same  batch  of  Homalite  100  or  test  pieces  of 
Ravi-Chandar  and  Knauss  [2  1  (which  are  s  t.  l  1  1  under  evalua¬ 
tion  at  CALTECH)  the  investigations  on  this  material  had  to 
be  abandoned. 

Due  to  currency  exchange  rate  problems  minor  parts  of  the 
program  had  to  be  shortened,  especially  in  order  not  to  re¬ 
duce  more  interest  mq  parts  too  much,  work  on  Task  C  was 
not  carried  out. 


2  .  WORK  OH  RcSEARCt-  T ASK  1  : 

DEPENDENCE  OF  IMPACT  FRACTURE  TOUGHNESS  ON  LOADING  RATE 

With  the  improve  a  shadow  optical  arrangement  see  Tasi  ■*  > 
experiments  on  18  Hi  managing  high  strength  steel  specimens 
have  been  performed  under  direct  impact  loading  to  measure 
the  impact  fracture  toughness  K  at  .  ncr eased  impact  velo¬ 
cities.  These  experiments  were  aimed  to  generate  additional 
data  points  in  order  to  verity  the  steep  increase  in  the 
fracture  toughness  observed  tor  loading  rates  which  exceed 
a  certain  limit  ( see  [II,  sect.  5.2). 

Five  experiments  tit  86  2  to  #  86  6.'  have  beer,  performed  in 
tne  IWM  gas  gun  loading  device  with  impact  velocities  up  to 
?4  m-  s  .  Fig.  1  shows  the  expe-  lrnentai  arrangement.  For  all 
impact  velocities  the  shadow  optical  oictjres  we r e  of  suf¬ 
ficient  quality  to  allow  the  determini nation  of  the  criti¬ 
cal  stress  inter,  si  tv  t  ac  tor  at  onset  o  t  rapid  crack  propa¬ 
gation.  The  test  conditions  anc  the  results  ot  the  experi¬ 
ments  performed  are  summer  iced  i n  .able  i.  Th  i  s  table  con¬ 
tains  also  the  previous  data  in  a  revised  form  which  follow 
from  a  ree valuation  at  the  shadow  optical  pictures  cased  on 
res.  ults  described  in  chapter  of  this  report. 

All  data  ‘  if  352  ♦  o  f  Boo  ■  are  collected  in  rig.  2 .  The  new 
experiments  (full  squares1  also  stow  t imes-to-f  rac  ture  down 
to  less  than  5  ps  .  i  he  re  •  i ea  previous  data  are  ma  rkec  by 
full  circles. 

For  compar  is  or.  .  data  obtained  at  .  ower  loading  rates  and  at 
quasistatic  loading  conditions  are  also  shown  i  r.  Fig.  2 
(.open  symbols,1.  These  data  were  measured  nth  drop  weight 
and  precracked  Charpy  tests.  The  shadow  optical  method  was 
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the  speculations  and  conclusions  presented  in  the  r  rna  1  re¬ 
port  of  the  previous  project  111  are  substantiated  by  the 
new  data:  The  previously  observed  increase  m  the  fracture 
touqhness  with  increasing  loading  rate  (decreasing  time-to- 
f  racture  )  for  the  investigated  material  is-  confirmed.  This 
finding  is  also  in  aqreement  with  the  results  ot  Ravi- 
Chandar  and  Knauss  C  2 ]  for  the  material  Homaiite  iUU.  They 
found  an  increase  of  the  fracture  tough,  ness  beginning  at  a 
t ime-to-f racture  of  -30  ps.  They  were  able  to  measure  down 
to  ~ 1 5  ps  where  the  static  fracture  toughness  was  doubled. 
This  indicates  that  this  effect  is  material  dependent.  It 
can,  therefore,  be  expected  that  materials  exist  with  a 
very  small  loading  rate  sensitivity.  This  was  the  case  with 
the  material  Araldite  B  [13.  In  the  investigated  time  regi- 


me  down  to  about  7  ps  a  deviation  from  the  static  fracture 
toughness  could  not  be  found. 

An  explanation  for  this  phenomenon  was  given  earlier  ttll, 
Section  5.2)  by  the  conception  of  an  incubation  Mme,  which 
is  the  time  the  crack  needs  to  experience  a  supercritical 
stress  intensity  factor,  K  :  kcril,  before  it  starts  to  pro¬ 
pagate  rapidly  (see  the  schematic  representation  in  Fiq. 
3).  The  influence  of  this  incubation  time  is  negligible  for 
low  strain  rates.  It  becomes,  however,  important  with  ti¬ 
mes-  t o- f r ac t u r e  beinq  of  the  same  order  of  magnitude  with 
the  incubation  time.  During  this  time  delay  an  overshoot  in 
stress  intensity  appears  which  leads  to  the  measured  ef¬ 
fect.  If  an  increase  in  the  fracture  toughness  by  a  factor 
of  2  is  observed  it  can  roughly  be  assumed  that  the  incuba¬ 
tion  time  is  half  the  measured  time -to- fracture  'Fig.  3). 
With  the  data  of  Fig.  2  an  incubation  time  in  the  range  of 
1  to  2  ps  is  estimated,  whereas  from  the  data  of  Pavi-Chan- 
dar  and  K'nauss  C2  1  an  incubation  time  of  about  8  ps  is  de¬ 
duced  for  the  ma  t  e  r i a  1  Ho  ma 1  i  t  e  100. 


Fig.  1  Dynamic  tensile  load inq  arrangement  (direct  impact 
loading) 
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List  of  symbo 1 s : 

v0  =  impact  veloci  t  y 
B  =  specimen  thickness 
a  -  length  of  initial  fatigue  crack 
tf  =  time -to- fracture 
K |d  =  impact  fracture  toughness 

Dimensions  of  the  specimen: 

length  L  =  '250mm,  width  W  =  100mm 

Dimensions  of  the  projectile: 

length  L  =  125mm,  mass  m  =  1.90kg 


Table  1  Test  conditions  and  results  of  fast  tensile  expe¬ 
riments  (mode  I)  with  the  high  strength  18  Ni 
rtiarag  ing  steel 


3  .  UJOP-  ON  RESEARCH  TASK  2 : 

i  Nf'EST  1  GAT  I  JN  jF  uYUhNIC  SHEAR  FRhLIuRE 

A  dynamic  shear  loading  method  has  been  de/elopec.  Inertia 
is  used  instead  ct  sophisticated  loading  devices  as  requi¬ 
red  in  static  experiments.  The  idea  is  that  a  crack  dynami¬ 
cally  loaded  on  one  side  parallel  to  its  s  ur  race  experien¬ 
ces  a  pure  mode  II  loading  as  long  as  the  material  on  the 
other  side  of  the  crack  'does  not  know"  about  this  impact 
e  ve  n  t  . 


3  .  1  Sh ear  Loading  i'echn  l  q u e 

Specimens  were  used  with  two  parallel  edge-crack,  tor  edge- 
not  cries  being  apart  by  a  distance  h .  'i  he  specimen  is  im¬ 
pact  e  a  at  its  notched  edge  b y  a  projectile  with  diameter  a 
equal  to  the  distance  n  of  the  t  wc  c  r  .j  c  k  s  'see  i  q  s .  4  and 

6.-.  It  was  expected  that  the  ionqitudinai  compressive  wave 
.  n  *  he  middle  pat  o  *  the  =. pec  i  men  .-jou  id  generate  rno a e  1  i 
loading  conditions  at  the  crack  tips.  The  specimen  is  free 
movable  after  impact.  A  bolding  -  i  t  u  r  e  was  jesiqnea  to  •.  i 
the  position  for  a  precise  irnpac*  but  to  release  the  speci 
men  s h  o  r  t  i y  a  f t  e r  : np act. 

Later  or  a  Is.,  a  modified  type  or  specimens  •  F  l  c  .  5  was  l  n  — 

t  r  doucid  c  o  n  tsimr,  g  o  n  e  not  c  n  o  n  1  v  .  The:  e  a  s 1  ,>rnme  tic  .pec  l  - 
mens  are  much  easier  to  fabricate  and  require  less  mate- 
r  i  a  i  . 

Id  iff.  the  me  i  den  t  corrpres.:  i'e  .  ave  produced  c  y  the  impin¬ 
ging  projectile  lateral  displacements  are  associated.  These 
may  cause  disturb  an-  es:  Zracks  with  stir  races  oeing  ,n  con¬ 
tact  t.  ci  each  other  or  being  not  too  far  a  p  a  t  t  or  each  other 
can  oe  closed  and  even  compressed  by  these  lateral  displa¬ 
cements,  thus  leading  to  uncontrollable  friction  effects 
between  the  crack,  surf  aces,  hs  a  consequence  .  "he  formation 
of  a  shear  concentration  at  ‘ he  crack  tip  can  be  disturbed. 
The  possib.e  int  iuencas  due  to  • he  se  lateral  displacement s 
have  oeen  investigated  by  usina  notches  w  1 1 n  a  finite 
opening  of  the  notch  surfaces.  Then  *he  primary  compression 
wave  can  generate  a  compressive  mode  i  stress  concentration 
at  the  notch  tip  wnicn  can  be  giualized  and  quantitatively 
evaluated  by  the  shadow  optical  method  ot  caustics. 

Cylindrical  steel  projectiles  of  5  0mm  diameter  were  used  to 
impact  the  specimens.  The  projectiles  are  accelerated  by 
the  IWM  gas  quri  to  velocities  ranging  from  iOrn-s  to  about 
lOOmx's.  For  specimens  with  cracks  being  less  than  50mm 
apart,  projectiles  were  used  which  at  toeir  front  end  had  a 
correspondingly  reduced  diameter  i see  Fig.  11).  Sometimes 
also  modified  speci  me  ns  were  used  f  see  l  g  .  12.'.  Typical 
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measurements  O'  the  specimens  were  10  Omm  *  2  0  0mm  and  15Umm 
*  3 0  Urrirn .  i'[-te  specimen  thicknesses  were  usual  iv  lUmm.  The 
crack  lengths  were  in  the  range  of  50mm  to  75mm. 

3 . 2  Ex  peri  me  ri  t  a  i  Pesjlts 

hxperiments  were  performed  with  specimens  made  from  diffe¬ 
rent  materials.  Mainly  the  two  transparent  mode  1  materials 
Po 1 yme t hy 1  me t hac r y 1  a t  {  PMMA  .■  anc  the  epoxy  resin  Hra  Id  i  fe  B 
were  used,  in  these  cases  the  shadow  optical  method  f  c  au¬ 
stics  could  be  applied  in  transmission.  For  the  high 
strength  steel  .2  Ni  Cello  13  v  ,  -lowc.er  ,  the  chador.1  opti¬ 
cal  method  can  only  be  applies  in  ret  lect  ion  requiring  one 
of  the  surfaces  being  prepared  specially  oy  g r  • n d  l r  g  ,  lap¬ 
ping,  and  polishing  to  achieve  a  mirrored  front  surface. 

7.2.1  Loading  Ph  a  s  e 

To  get  a  first  su " ve v  on  the  craci  tor  notch)  tip  loading 
cone  1 1.  ions  ,  e-oer  i  merits  have  been  performed  ■  l  t  n  spec  imene 
made  from  PIIMh,  PMMh  generates  single  caustics  which  can  be 
evaluated  ;  r,  an  easier  rav  than  double  caustics  observed 
with  the  b  i  ret  r  ngent  material  h  r  a  1 d l t  e  d .  Steel  specimens 
also  generate  single  caustic:-.  du!  have  on  lv  tsen  j  s  c  d  tor 
the  main  experiments  due  to  the  extensive  costs  for  speci¬ 
men  preparation.  Ooutle  end  single  notched  specimens  have 
been  used . 

In  order  to  measure  mode  1  s'  rest  concent  t  at  ions  as  we  1 1  as 
shear  mo d e  1  i  stress  intensifications,  shade w  opt  ica.  pat¬ 
terns  have  been  observed  with  a  transmission  arrangement  in 
a  virtual  image  plane  'see  wppend  l  ;<  .  Then  compressive  mode 
I  stress  concentrations  result  in  a  dark  shadow  spo  t  which 
can  be  evaluated  in  an  easier  way  than  the  light  concentra¬ 
tion  patterns  which  wo u i d  result  1 n  the  real  . ma  q  e  plane. 
The  mode  II  shadow  patterns,  however  ,  remain  the  same  ex¬ 
cept  for  a  mirror -  like  t.  r  a  n  s 1  1  e  r  s  l  o  n  .  The  shadow  optical 
recording  arrangement  is  schematically  showr.  m  Fig.  6. 

Typical  series  of  shadow  optical  photographs  from  PMtlH  ex¬ 
periments  are  shown  in  Fiq.  7  for  a  doub  le-notch  specimen 
th  =  3  0  mm)  and  in  Fiq.  3  for  a  sing  le-notch  specimen.  h 
comparison  of  the  shadow  patterns  shows  the  same  behaviour 
for  both  specimens.  uJ  l  t  h  increasing  time  an  almost  pure 
mode  It  loadinq  builds  up.  Gnlv  for  the  early  time  range 
disturbances  due  to  lateral  compressions  are  observed.  Fit 
very  early  times,  the  result  inq  compressive  mode  i  loading 
at  the  crack  tip  is  indeed  dominant.  With  increasing  time 
and  r  is  inq  mode  II  loads,  however,  the  disturbing  compres¬ 
sive  mode  1  contributions  become  negligible.  The  last  pic- 


tures  of  '.he  "upper"  notch  in  rig.  7  indicate  the  oeqinnir.g 
of  the  instability  process:  The  mode  11  caustic  changes 
slightly  exhibiting  the  characteristic  light  concentration 
pattern  see  Appendix.1  as  is  typical  tor  c  tensile  mode  I 
stress  concentration  unae  r  this  observe t ion  condition,  in 
Fig.  7  the  lower  notch  ctil.  is  stationary. 

Since  the  observed  jehavicur  at  'he  tip  of  the  crack  of  'he 
dynamic ly  loaded  symmetric  double- notch  specimen  is  ob¬ 
viously  the  same  as  for  the  asymmetric  s  l  nq  1  e -no t c ned  spe¬ 
cimen.  in  most  of  the  experiments  asymmetric  single  notch 
specimen';  were  used.  T h e \  are  much  easier  to  machine,  in 
particular  when  steel  specimens  hac  to  be  used. 

The  loading  rate  dk  dt  vas  measured  :n  experiments  w i ■ h 
specimens  made  from  Rra Id  i  te  B  and  trom  the  high  strength 
steel  X2  NtCoMo  i.3  3  r.  i ! ; t  h  the  transparent  Hra 1C l te  B 
specimens  the  shadow  optical  transmission  arrangement  tor 
recording  virtual  shadow  oat  terns  has  been  used  t  ;  . e .  the 
same  recording  arrangement  as  used  with  PMMh  specimens), 
id  ith  steel  speci  me  ns,  ho  we  ve  r.  the  reflection  ar.snqe  men  t. 
with  recording  real  shadow  patterns  was  applied  F  l  q  .  bJ  . 

Quantitative  data  on  'he  dependence  of  'he  stress  intensity 
factor  K  ||  as  a  function  of  time  t  are  shown  in  Fig.  V  of 
specimens  with  blunted  notch  tips.  Vhe  impact  "e loci  ties 
have  been  12m  s  for  Rra  Id  i  te  b  and  13m--  s  for  steel.  Since 
steel  specimens  permit  higher  impact  velocities  oe'ore  da¬ 
mage  occurs  at  the  contact  area  between  the  protect  lie  and 
the  specimen,  data  are  also  reported  tor  the  increased  im¬ 
pact  velocity  3  3m --s.  The  Highest  observed  average  stress 
intensification  rates  dK(|  dt  are  about  2*  10®  MPa  Vm>  s  tor 
Araldite  B  and  2  *  1 u7  MFaififiVs  for  stee..  A  rough  estimate  of 
the  umes-to-f  racture  -esulting  from  these  loadirig  ’ates 
assuming  fracture  to  initiate  at  a  toughness  le  ve 1  corre¬ 
sponding  to  the  static  mode  i  fracture  toughness  t  )c  ~  U. 
MPaVm  for  Araldite  B  and  ~  "’O  MPa tor  the  steei  X2  NiCoMo 
18  3  5>)  yields  values  of  5  ps  m  both  cases. 

In  dr  op -weight  tests  with  three-point-beric  specimens  of  si¬ 
milar  size  t  tmes-to- : racture  of  'he  order  of  iOOcs  are  ob- 
served.  Thus,  the  loading  rates  dky/dt  obtained  with  the 
present  shear  loadinq  arrangement  as  well  as  with  the  ten¬ 
sile  load inq  mode  described  in  chapter  2  are  more  than  one 
order  of  magnitude  faster  than  those  obtained  by  drop 
weight  tests.  This  is  a  consequence  of  the  direct  crack  tip 
loading  by  the  rast  ex  par:  ding  stress  field  produced  by  the 
lmpactor.  In  the  three-po int-bend  test,  however,  the  crack 
tip  in  the  specimen  is  loaded  ay  Pending  where  the  bending 
is  built  up  by  the  transversal  oscillation  of  the  entire 
specimen.  The  frequency  of  this  oscillation  and  also  the 
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Experimental  set-up:  dynamic  shear  '.mode  II) 
loading  arrangement  and  different  arrangements  for 
shadow  optical  observation 
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increase  in  cracK  loading  uependa  on  spec  irr.en  ;.i:s  anc  is 
relatively  slow  compared  to  wave  propaqat  1  on  times. 

>.'2.2  Crack  Propagation  Phase 

The  crack  propagation  obtained  under  the  described  loading 
conditions  has  been  investigated  with  specimens  made  rroro 
PUMA ,  ftra Id  1 te  B  and  the  high  strength  steel.  Under  static 
test  conditions  a  crack  will  propagate  m  a  direction  per¬ 
pendicular  to  the  maximum  tensile  stress  at  the  crack  tip. 
For  static  pure  mode  II  loading  the  crack  starts  to  extend 
into  a  direction  which  includes  an  angle  or  about  70  with 
the  orientation  of  the  initial  creek  ana  continues  propaga- 
tinc  in  the  tensile  mode  1  -racture  mode.  This  is  in 
agreement  with  theoretical  results.  The  same  behaviour  was 
also  observed  in  the  dynamic  experiments. 

In  order  to  visualize  the  expected  -ensile  mode  l  >  icadinq 
at  the  crack  tip  shadow  patterns  row  have  been  recorded  in 
the  opposite  image  p  lanes  than  reported  :  r  section  3.2.1. 
The  camera  was  foe jssed  on  a  real  image  plane  for  the  sha¬ 
dow  optical  -  r  an  srn  i  ss  i  on  arrangement  •••  i  t  i  i  r-TVIA  and  Hraldite 
B  specimens,  and  on  a  virtual  image  plane  for  the  reflec¬ 
tion  arrangement  with  steel  specimens  ■  see  also  -"iq.  3  and 

Appendix).  Typical  results  for  the  considered  materials  are 
presented  i  n  Figs.  10.  1 i  ,  ard  12.  The  caustics  in  rigs.  10 
and  11  indicate  that  the  cracks  indeed  propagate  under  an 
almost  undisturbed  tens  i  ie  mode  .  loading  .  t-tn  j  s-  i  m  i  1  a  r  t  o 
the  static  behaviour  the  crack  propagation  is  inclined  with 
regard  to  the  direction  ot  -re  original  rutiai  cract  .  borne 
typical  results  for  crack  paths  are  shown  in  Fig.  12.  In 
the  experiments  with  PH  fin  and  Hraldite  b  -.oecimens  the  ob¬ 
served  angle  is  in  most  cases  very  c.ose  to  the  expected 
value  or  70  .  The  anq^e  found  with  the  steel  specimen  is 

somewhat  smaller,  but  within  the  scatter  band  normally 
found  with  corresponding  static  experiments.  The  observed 
crack  propagation  directions  arc  an  additional  indication 
that  the  initial  notches  had  been  loaded  oy  an  almost  und 
sturbed  pure  mode  II  loading. 

In  addition  to  the  crack  tip  shadow  patterns  the  photo¬ 
graphs  obtained  with  the  steel  specimen  in  ret  lection  Fig. 
ill  show  patterns  of  mechanical  waves  which  emarate  from 
the  tip  of  the  propagating  crack.  The  propagation  velocity 
indicates  that  these  are  Rayieigh  waves  preceded  oy  almost 
not  visible  lonqitudinal  waves.  The  deformations  of  the 
specimen  surface  caused  by  the  waves  become  visible  by  the 
shadow  optical  technique.  The  photographs  of  Fig.  10,  howe¬ 
ver,  taken  in  transmission  do  not  exhibit  waxes  in  the  same 
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distinct  way.  Only  when  the  i.  r  act.  starts  prooaga  t 
the  very  first  pictures,  waves  are  observed le .  The 
5  ion  is  that  the  shadow  optica.  met ho a  ir  re  .  s  c 
much  more  sensitive  to  surface  distortions  rhan  in 
miss  ion. 


i  HQ  ,  1  f*i 

cone  1  u  - 
■  10 n  i  s 

t  r  a  n  s  - 


Fig.  10  track  propagation  initiated  from  a  shear  loaded 
notch  (Araldite  B ,  shadow  optical  technique  in 
t  r a n s mi s s ion 


F’lq.  li  Shadow  optical  pictures  tret  lection  technique.'  of 
a  crack  propagation  initiated  from  a  shear  loaded 
notch  '.steel  X2  MiLoMo  i3  J  5.' 


3.2.3  Dynamic  bhear  Lrack  Propagation 

4  surprising  effect  was  found  uitn  the  tract  propagation 
behaviour  of  high  strength  steei  specimens  impacted  above  a 
certain  threshold  "elocitv:  material  separation  occjrrec 
under  shear  mode  loadinq  with  new  phenomena  in  the  fracture 
surtace.  The  invest  lqat  ion  of  'hi;  new  effect  was  a  major 
part,  of  the  total  research  proqrar  ana  is  described  in  the 
sect  1 o  n . 

in  the  series  of  e-per  lrnents  wn  1  c  h  tat  Dear.  performed  to 
understand  this  new  effect  two  parameters  were  varied,  the 
impact  velocity  and  the  notch  t  ip  olur.tness.  doth  parame¬ 
ters  were  expected  having  an  influence  or  the  crack  tip 
s  train  concentrati  o  n . 


Experimental  results  ate  given  in  rig.  13.  The  traci  paths 
<  length  and  direction  '  are  •.  o  rnp  l  .  e  d  » n  a  notch  tip  racu  s 
versus  impact  velocity  diagram.  Some  o-  the  cracks  with  low 
cr  3C  k  t  i  p  acu  i  t  v  '  0  .  oh  r  m  and  .  .  “•  mm  ana  i  trip  &  c  ted  at  i  o  - 

ter  velocities  1  3  C>  to  «->i)  m  s  •  «  how  tie  same  behfiour  as  in 
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14.  h  photograph  of  the  middiepart  ot  'he  s  p  e ;  ; me  n  cent ai- 
ning  the  notch  ana  the  crack  path  is  Fiq.  14a.  The  crack 
started  almost  straight  from  fhe  notch  and  propagated  as  a 
shear  crack  over  a  distance  o f  l?mm.  h  photograph  of  t h  i  s 
surface  is  Fiq.  14b.  eifter  this  the  cracf  did  not  only 
change  its  direction  but  also  the  fracture  mode.  It  propa¬ 
gated  as  a  tensile  fracture,  breaking  the  specimen  in  twe 
parts,  and  generating  therebv  a  typical  tensile  fracture 
surtace  fFiq.  lie  J  .  The  direction  of  ’his  tol  . owing  tens  ,  le 
fracture  varies  in  different  experiments.  It  is  assumed 
that  this  fracturing  occurs  m  a  late  phase  e.g.  by  oenaing 
during  the  catching  process. 


The  test  data  and  the  experimental 
are  listed  in  Table  2.  The  length 
crack  was  measured.  as  varies  rrorn 


findings  of 
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this  program 
dynamic  shear 
to  expert  men  t 


70  m/s  I  60  m/s  50  m/s  40  m/s  30  m/s  20  m/s 


Fiq.  17'  Compi  'at  ion  of  crack  paths  >n  -hear  experiments 
on  high  strength  steel  spec  liens 


but  obviously  increases  with  increasing  1  mp  act  ve  1  o  c  i  t  y  . 
The  .  a  s  t  column  of  Table  2  tells  details  or  the  resu  i  t  ir,c 
fractures.  For  shot  number.  90b  to  912  only  one  specimen 
nas  used  since  no  fracture  occurred  vnt.l  shot  if  • J  1 2  .  i  n 
two  cases  the  initial  shear  cracs  was  to  1  lowed  oy  a  sec on a 
shear  crack  with  a  mart-,  i  n  between  being  interpreted  to  oe 
an  arrest  event  (#  95  o  and  #  9  57  ■  .  In  one  case,  if  9o'2  ,  the 
specimen  did  not  follow  one  of  these  laws.  It  fractured  un¬ 
der  tension  w  i  t  n  an  angle  o  t  about  5 U  but  opposite  to  the 
expected  70’  into  the  pressure  field.  rtn  explanation  tor 
this  behaviour  ( e  .  g  .  by  bend  inq  during  catch  mq  is  not 
a  va  liable,  since  this  fracture  occurred  at  an  earl,'  ■  i  me  as 
is  shown  by  the  photograph.  I  r,  shot  if  9  6u  a  finite  shear 
c  r  a c  1  i e  n q  t  h  could  not  be  determined  because  the  era:  k  d  l  d 
not  stop  in  the  specimen. 

1  he  ’.ensile  cracks  show  the  ■  yp  i  c  a  i  characteristics.  foe 
surface  is  dull  and  rough  ana  exhibits  the  usual  "river 
pattern"  produced  o y  ersef  extension  'see  Fig.  L«  .<  .  The 
fracture  surfaces  show  s  r.  e  a  r  lips  1  .  e  .  the  edges  are  i  n  - 
c  1  i  ne  d  a  t  an  angle  o  t  about  with  reaps  :  t  t  o  the  o  l  a  n  e 

middle  part  or  the  -racture  surface1. 

1  he  new  c  he  no  me  non  'dyrarnic  if, ear'  rracture"  does  not  on  i  v 
differ-  i  r  the  p  r  o  d  a  q  a  t  i  c  n  direction  ’tom  the  70"  tensile 
rrsct'J  r  e  s  a  n  u  -  r  o  n  the  t  e  n  s  :  i  e  c  r  set  s  u<h  l  c  n  succeed  the 
shear  cracks,  but  a  1  s  c  the  appearance  is  principally1  diffe¬ 
rent.  Ire  ’racture  surfaces  c  r  t  ne  straight  propagating 
shear  cracks  d c  not  show  shear  lips.  The  f  1  a  t  t  racture  s  u  r  - 
•ace  e-tencs  oer  t  ne  total  :h  iciness  ot  ‘he  specimen.  'i  he 
surface  is  riot  rough  but  shiny.  Man.'  isolated  areas  ot  the 
surtace  ha'  -e  a  mirror  -  i  i  ►  e  appear  ance  .  i-i  gliding  a  recess 
during  the  separation  phase  could  have  generated  these  sur¬ 
faces.  Meit  inq  temperatures  may  na,:e  ac cured  a  t  the  sui  t  a- 
c  e  . 

The  test  parameters,  the  observed  e > p e r i me n  t  a i  r  l  n dings  , 
and  data  ot  evaluation  procedures  t which  are  ex pi  a.  nee  la¬ 
ter  ‘  are  presented  in  lab  ie  _ .  For  an  attempt  to  cast  the 
experimental  data  of  Table  2  into  one  diagram  the  following 
arguments  were  to u n  d ■ 

(  1  .i  T  hi  e  data  suggest  t  h  e  existence  of  a  threshold  ve  loc  itv 
1 'th  for  the  formation  of  dynamic  shear  cracks. 

(.2  1  rfccord  inq  to  theoretical  results  ot  t  racture  mechanics 
(see  for  instance  171  this  threshold  should  be  proportio¬ 
nal  to  the  square  r  o  o  *  o  t  the  notch  tip  radius: 


'■  3  1  1  h  e  shear  crack  iength  does  no  •.  depe  n  a  c  n  :  h  e  n  :tcn  ■  i  p 
radius.  From  this  follows  that  citfarent  but  parallel  cur¬ 
ves  will  fit  the  results  of  specimens  m  ?  h  different  notch 

tip  radii. 

1 4)  Ihe  presumption  that  the  dvnemic  shear  crack  length  de¬ 
pends  on  the  impact  energy,  i.e.  or.  the  square  or  the  im¬ 
pact  velocity,  was  not  sustained  by  the  experimental  data. 
The  data  rather  suggest  a  proportionality  between  impact 
v elocity  and  shear  crack  iength. 

Consequently,  an  impact  velocity  versus  sheai  crack  length 
diagram  has  been  drawn  i Fig.  15  1  .  For  a  setter  distinction 
different  symbols  have  been  used  fc r  different  notch  tip 
radii,  h  computer  fit  was  mace  with  the  data  c  t  the  open 
circles  'fatigue  cracks  to  find  the  slope  ot  the  para  1  le  • 
lines  of  the  data  with  different  notch  tip  radii.  The  thre¬ 
shold  velocities  are  the  intersection  points  with  the  hori¬ 
zontal  axis  and  given  numer ical Iv  in  Table  j .  From  the 
assumed  propo-  tionaiity  between  threshold  'elocity  and 
square  -  o  o  t  of  notch  tip  radius  also  the  m  using  root  point 
for  the  line  with  q>  --  0.75mm  car  be  calculated  as  well  as 
the  effective  radius  ot  the  fatigue  data  0.15mm,1.  1  he 
extrapolation  of  this  lire  yields  a  f ict  ive  shear  c  r  a c k 
length  of  o8mm  tor  shot  if  -0-4 .  1  wo  data  points  do  not  •  1  * 
well  into  the  diagram,  at  95  7  am:  ft  '558.  fin  inspection  of 
the  notch  tips  did  not  reveal  the  reason  tor  this  beha¬ 
viour.  It  is.  however,  to  expect  that  data  points  outside 
the  material  scatter  nano  are  1  oca  tea  in  the  regime  of 
s  rna ller  notch  tip  radii  since  imperfections  of  the  notch 
tip  should  result  .  n  a  smaller  effect  1 ve  no  ton  r  1 p  rsoius. 
The  likelihood  for  these  de  v  lat  ions  should  increase  with 
increasing  notch  tip  radius.  For  these  -wo  points  an  effec¬ 
tive  radius  of  about  0.35mm  may  be  estimated  from  Fig.  15. 

R  second  d 1  a  g  r  a  m ,  F 1 q .  *  6 ,  is  dr  a wn  with  the  her  uenta. 
axis  normalized  by  the  square  root  o'  the  notch  tip  radius. 
In  this  case  a  b  u  n c  h  of  lines  is  to  be  expected  with  s  sole 
common  point  which  is  the  foot  point  on  the  horizontal 
axis.  T  h 1 3  concentration  into  one  point  is  also  an  indica¬ 
tion  for  correct  determined  threshold  values  1  ri  rig.  15. 
The  transformation  of  the  lines  from  Fig.  15  into  this  cia- 
qram  is  mirror- like:  the  line  with  the  fatigue  cracks  ap¬ 
pears  on  ‘:he  right  side.  The  displacement  of  the  two  data 
points  which  do  not  fit  into  the  diagram  becomes  even  more 
obvious  by  this  mathematical  transformation.  The  calcula¬ 
tion  of  the  new  position  with  a  more  suitable  radius  of 
e.q.  0.35mm  would  have  placed  them  considerably  better. 

The  arguments  (1)  to  <4)  given  above  and  the  experimental 
data  make  clear  that  a  single  curve  for  these  results  can¬ 
not  be  expected.  The  diagrams  of  tigs.  15  and  16 ,  therefo¬ 
re,  replace  Fig.  12  of  the  interim  report  [12  1. 
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Table  2  Data  of  shear  experiments  with  steel  specimens  and 
experimental  findings 
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Table  3 


Data  of  shear  experiments  with  steel  specimens, 
results,  and  evaluations 


i 
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Fig.  15 


Shear  crack  length  as  a  function  of  impact 
velocity  and  of  notch  tip  radius 


-'u- 


3  •  2  .  -4  Dynamic  bhear  Fracture  Formation 

The  appearance  of  the  crack  surfaces  o r  the  h  1  q  n  =  t i  e  n q  t  n 
steel  specimens  suggests  a  gl  icing  process  between  the  >'p- 
per  and  the  lower  surrace  jur  inq  rhe  -rack  generation  pha¬ 
se.  The  shiny  smeared-out  regions  are  larger  in  size  at  the 
beginning  of  the  crack  near  the  notch  and  the  dimples  which 
have  a  circular  configuration  with  the  tensile  fractures 
are  elongated  and  paraboiicly  contoured.  This  is  shown  in 
the  micrographs  of  Fig.  17  with  a  transition  from  shear 
fracture  'lower  left  corner.1  to  tensile  •  racture  Cupper 
right  side,  showing  the  change  in  the  format l or  of  the 
dimples  from  the  parabolic  to  rhe  circular  shape. 

This  sort  ot  "dynamic  shear  fracture"  could.  however,  not 
be  produced  with  other  materials.  Experiments  have  also 
been  performed  with  the  steels-  38  NiCrMoU  73  l  HF>.  103.*  .  42 
CrMo  u ,  and  the  mi  id  steel  oTE  -r6U.  all  in  a  non -hardened 
state.  Non  ot  these  specimens,  although  impacted  with  very 
high  projectile  velocities  'up  to  117  rn  •  s  .  broke  into 
parts.  Only  short  shear  cracks  were  produced,  if  any.  Fiqs. 
18  and  19  show  an  example  uitn  the  material  +2  CrMo  u 
(#  929,  impact  velocity  102  ra/s ) . 

The  impacted  specimen  original  size  12  0 mm  *  “'8mm  *  iOmrn1 

is  shown  in  Fig.  18a  w i t  h  the  notch  on  the  left  side  and 
the  impacted  part  c  1  e  a  r  .  y  ■  >  l  s  l  b  1  e  on  the  top  ■ c o rnp  r  e  s  s  i  o ri 
about  8  mm;.  Lines  tc  identify  positions  have  been  traced 
on  the  surface  oerore  the  test.  I  he  Distance  ot  the  narrow 
lines  in  the  undisturbed  material  is  2 . T  mm.  The  first  one 
o  t  these  narrow  lines  from  the  top  indicates  the  or  lq  ina  1 
notch  tip  position  (tip  radius  0.2  mm;  .  Fig  18b  is  a  rnacni- 
fication  of  this  area. 

A  photomicrograph  of  the  sheared  part  of  this  specimen  is 
Fig.  1°.  The  length  of  the  crack  shown  in  Fig.  19a  is  about 
7.5mm.  Fig.  19b  is  a  detail  of  this  crack.  The  peculiari¬ 
ties  ot  these  pictures  are  white  bands  on  both  sides  of  the 
crack  and  also  white  fragments  inside  the  crack.  These 
white  parts  became  visible  by  etching  the  sample  * )  and  are 
known  in  the  literatur  as  adiabatic  shear  bands. 

Adiabatic  shear  bands  are  produced  in  a  smail  volume  of 
very  high  shear  strain  gradient  by  heating  up  to  almost 
melting  temperatures  and  a  hardening  process  during  a  suc¬ 
ceeding  rapid  cooling.  The  width  of  the  band  is  of  the  or¬ 
der  O.Ulmm  and  of  little  mass  only,  where  the  material  is 
transformed  into  a  martensitic  state.  Rapid  cooling  of  the 
small  band  volume  is  achieved  by  the  two  large  interfaces 
to  the  cold  bulk  material. 


*  ;  Etching  agent:  3^  Nital 


The  hardness  distribution  across  the  shear  band  is  almost 
rectangular  as  shown  in  riq,  20.  This  profile  shows  an  in¬ 
crease  in  the  microhardness  HU  0.02?  in  the  band  by  almost 
a  factor  of  three  compared  to  -he  bull.  material  which  is 
heavily  plastically  deformed  and.  therefore,  also  shows  an 
increased  hardness  compared  to  the  base  material. 

Shear  bands  have  not  be  found  in  the  other  ma t e r  i a  1 s , 
especially  not  in  the  managing  steel  specimens  at  section 
3.2.3  where  "dynamic  fractures"  have  been  observed.  In  this 
type  of  steels  martensitic  hardening  is  not  possible  anc 
separation  may  have  occurred  instead  in  the  weak end  micro- 
structure  or  even  in  the  liquid  state  at  the  tip  of  the 
fast  moving  shear  strain  concentration.  The  heat  conduction 
of  this  material  is  known  - o  be  up  to  iO  t imes  lower  than 
m  ferritic  steels.  Then  the  heat  generated  at  the  crack 
tip  remains  much  more  concentrated  in  the  managing  steel 
wheeas  it  dissipates  fast  in  the  others.  This  could  ex¬ 
plain  that  the  observed  shear  fracture  phenomena  i  ere  - ounc 
in  this  material  onl y . 

Ferritic  materials  with  a  relatival v  io w  .weld  strength  ,  o n 
the  other  hand,  may  not  develop  a  shear  strain  concentra¬ 
tion  sufficiently  high  to  roar,  a  heat  source  capable  ter 
inducing  material  transhrmations.  This  is  a  consequence  of 
the  front  of  the  compressive  wave  not  oeing  a  step  unc¬ 
tion,  Since  the  material  starts  yielding  at  a  low  level  a 
high  strain  gradient  cannot  develop  and  there  .5  sut tic  lent 
t l me  for  the  material  to  flow  away  durinq  the  long  period 
of  increasing  ores  sure.  Ulith  this  material  only  very  high 
impact  velocities  are  expected  to  produce  shock  waves  with 
strain  concentrations  sufficiently  high  to  generate  shear 
bands . 

The  consequence  of  these  observations  is  tnat  the  phenome¬ 
non  of  "dynamic  shear  fracture"  has  to  be  described  by  dif¬ 
ferent  processes  in  different  materials.  To  break  a  shear 
band  like  the  one  i n  the  ferritic  s  t  e e  i  of  Fig.  19  will 
probably  need  only  little  energy,  because  the  transformed 
material  is  very  brittle.  This  crack  does  not  .ook  like  a 
shear  crack.  It  may  have  been  produced  after  cooling  down 
of  the  band  material  not  under  shear  road  but  due  to  resi¬ 
dual  tensile  stresses  generated  in  the  bulk  material  durinq 
the  cooling  process.  A  tensile  loading  of  the  shear  band 
could  also  have  been  produced  by  a  compression  of  the  notch 
surfaces  due  to  the  lateral  material  expansion  in  the  com¬ 
pression  pulse.  There  is  some  indication  of  this  in  Fiq. 
18.  This  hypothesis  is  supported  by  the  finding  that.  many 
unbroken  shear  bands  were  found  at  places  where  these  sort 
of  load  may  not  have  been  available. 


Sh *ar  fractures  were  also  round  in  some  or  the  projectiles 
used  to  impact  the  plate  specimens.  The  projectiles  were 
fabricated  from  the  steel  42  Crho  4  and  induction  hardened. 
Ht  the  edges  of  the  indentations  formed  by  the  impact  'see 
sketch  in  Fig.  21a)  large  shear  cracks  were  formed.  Some  of 
them  have  been  investigated  metal lographical ly.  These 
cracks  are  much  larger  due  to  the  increased  hardness  of  the 
material  and  show  also  all  interesting  features.  Fiq.  21a 
is  a  sketch  of  the  impacting  part  of  a  projectile  '.shot  # 
925  1  and  Fig.  21b  shows  an  ol,er  all  view  of  a  c  omp  r  essed 
edge  with  a  large  shear  crack.  Fig.  21c,  finally.  is  the 
magnified  area  of  the  very  beginning  of  the  crack  showing 
an  array  of  shear  bands  10  to  70  mikrometres  m  width, 
f  lgs.  22  to  25  show  microphotographs  of  the  etched  mate¬ 
rial:  sometimes  the  crack  has  extended  in  the  white  shear 
bands  and  is  even  r i i ied  with  fragments  of  the  transformed 
material  'Fig.  22  and  23).  Fig.  24.  however,  shows  the  end 
of  the  crack  which  was  not  preceded  o y  a  shear  bana.  Fig. 
25  shows  an  area  very  close  to  the  edge  of  the  indentation 
with  an  unbroken  shear  band. 

Photomicrographs  flight  and  scanning  electron  microscope, 
LM  arid  'i£M )  of  another  sectioned  project  i  i  e  'shot  #  929  1 
are  shown  in  Figs .  26  to  28  indicating  the  rather  abrupt 
transition  between  the  adiabatic  shear  Dana  and  the  sur¬ 
rounding  material.  Etching  of  the  white  band,  i.e.  the 
transformed  material,  is  less  easy  than  ..nth  the  surroun¬ 
ding  material.  The  SEM  micrographs  suggest  this  material 
being  raised  o ve  r  the  surroundirq  material.  Jb v ious ly ,  the 
white  band  is  very  hard,  which  is  in  agreement  to  Fig.  20. 
The  light  microscope  does  not  esolve  the  microstructure  of 
the  band  which  is  believed  to  be  martensitic.  Details  must 
be  smaller  than  one  micrometre.  Hi  so  the  sur-ounding  mate¬ 
rial  is  strongly  deformed  by  shearing.  Even  damage  can  be 
seen  in  this  material  f.Fiq.  27  >  .  The  toughness  of  this  ma¬ 
terial  seems  to  be  reduced.  The  drop  of  toughness  in  the 
shear  band  in  combination  with  residual  stresses  in  the 
specimen  possibly  often  leads  to  fractures  within  the  band 
(Figs.  27  and  28). 
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Fracture  surface  in  different  magnifications, 
transition  from  shear  Uower  left  corner)  to  ten 
sile  fracture  (upper  right  corner);  SEM  micropho 
tograph  (shot  11  916);  the  lower  picture  is  a 
detail  from  the  center  of  the  upper 


Fig.  19  Crack  at  notch  tip  tshot  It  929  i  ,  (a)  over  all  view 
(.length  of  the  visible  crack  ~  v .  hrr.m ;  ,  lb  )  detail 
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Fig.  20  Hardness  profile  across  an  unbroken  adiabatic 
shear  band  of  Fig.  21c  <  #  925,  projectile) 


Fig. 


2  2  Projectile  indentation  Ml  9  2  5  >  : 
crack  with  shear  band 


beared  material, 


q .  24  Projectile  indentation  <  #  925.': 


c r ack  end 


Projectile  indentation  <  #  925):  unbroken 
band  near  edge 


4 .  WORK  ON  RESEARCH  TASK  3 : 

CRACK  PROPAGATION  UNDER  THE  PHASE  OF  PRIMARY  COMPRESSION 

K- measu  r  emen  t  s  under  direct,  impact  loading  conditions  per¬ 
formed  within  the  previous  contract  could  not  be  carried 
out  with  Araldite  B  specimens  for  impact  velocities  v  "•  SO 
m/s  because  the  cracks  already  became  unstable  durir.q  the 
phase  of  compressive  load  and  propagated  in  a  direction 
perpendicular  to  the  original  crack  orientation.  Obviously, 
tensile  stresses  are  produced  during  this  early  phase  by 
lateral  expansion  when  the  compression  pulse  traverses  the 
specimen.  An  investigation  of  this  phenomenon  has  been  con¬ 
ducted  using  specimens  with  cracks  positioned  parallel  to 
the  impact  direction  as  is  shown  in  Fiq.  29. 

Two  series  of  experiments  using  specimens  fabricated  out  of 
Araldite  B  were  performed  in  which  the  geometry  of  the  test 
specimens  was  varied  to  qet  information  on  the  parameters 
which  might  contro.  the  loading  rate.  In  the  first  series 
of  experiments  the  height  h  of  the  specimen  was  varied  from 
h  =  5  5  mm,  h  =  75  mm,  h  =  lOOrnm,  up  to  h  =  15  0mm.  In  the  se¬ 
cond  series  of  experiments  the  lenqth  of  the  center  crack 
was  varied  from  2a  =  20mm  ,  2a  =  70mm.  to  2a  =  60mm.  The 
length  L  of  the  specimen  was  k ept  constant  throughout  all 
the  experiments,  L  -  400mm.  The  specimen  dimensions  are  gi¬ 
ven  in  Fig.  70.  The  specimens  were  impacted  at  a  velocity 
Vo  =  52  m--'s  by  a  steel  projectile.  The  test  conditions  are 
given  in  Table  4.  Again  the  shadow  optical  method  of  caus¬ 
tics  was  used  to  investigate  the  crack  tip  loading. 

A  typical  series  of  shadow  optical  photographs  is  shown  in 
Fig.  31.  Compressive  caustics  are  observed  first  at  both 
crack  tips  when  the  compressive  stress  pulse  propagates 
along  the  crack.  This  causes  crack  closure  which  generates 
the  observed  compressive  crack  tip  caustics.  Later  on,  the 
compressive  crack  tip  caustics  rapidly  change  into  tensile 
crack  tip  caustics.  This  process  takes  place  earlier  and 
more  gradually  for  the  left  1  the  tip  first  hit  by  the  pulse 
front)  than  for  the  right  crack  tip.  The  steep  increase  in 
size  of  the  riqht  tensile  shadow  spots  was  the  reason  for 
hoping  that  ve ry  large  crack  tip  stress  intensification  ra¬ 
tes  could  be  produced  by  this  method. 

Quantitative  results  for  a  specific  geometry  '..shot  #  930  ) 
are  given  in  Fig.  32.  Time  counting  was  started  when  with 
the  left  crack  tip  the  pressure  caustic  changed  into  a  ten¬ 
sile  caustic.  From  this  instant  tensile  loading  of  the  left 
crack  tip  (x  =  -a)  is  observed.  Tensile  loading  of  the 
right  crack  tip  (x  =  +a)  is  about  12  ps  delayed.  The  in¬ 
crease  of  this  second  stress  intensity  factor  curve,  howe¬ 
ver,  is  considerably  steeper  than  that  of  the  first  one. 


The  achieved  crack  tip  stress  intensification  rates  dK'dt 
for  the  performed  experiments  are  summarized  in  Table  4. 
Graphical  presentations  ot  the  load  1  nq  rates  obtained  tor 
the  right  crack  tip  are  shown  in  Fig.  34  as  a  function  of 
the  height  of  the  specimen  and  in  Fig.  75  as  a  function  of 
crack  length:  Increasing  rates  of  the  stress  intensifica¬ 
tion  factor  K  are  obtained  when  the  height  of  the  specimens 
is  decreased.  It  is  concluded,  therefore,  that  the  reflec¬ 
tion  of  waves  at  the  upper  and  lower  boundary  of  the  speci¬ 
men  will  cause  this  effect,  nn  explanation  is  tried  with 
the  aid  of  Fiq.  33: 

According  to  Hooke's  law  lateral  stresses  behind  the  front 
of  the  compressive  wave  are  C,  *  v>  /  (  1  -  v’  1  (about  0.5  times 
the  stress  in  propagation  direction).  The  components  which 
are  directed  normal  to  the  crack  fend  to  close  it.  Conse¬ 
quently,  pressure  shadow  patterns  are  observed  at  both  tips 
during  this  first  loading  period.  rhe  front  of  the  compres¬ 
sive  longitudinal  wave  produces  also  shear  waves  at  the  up¬ 
per  and  lower  boundaries  of  the  specimen  (see  Fig.  53)  to 
meet  the  condition  of  zero  normal  stresses  at  the  free  sur¬ 
faces.  These  two  shear  waves  propagate  into  the  specimen 
and  superimpose  in  the  center  plane,  the  plane  which  con¬ 
tains  the  crack  (Fig.  36'.  The  crack  is  hit  f:rst  by  this 
wave  combination  at  the  left  tip  x  =  -a  with  ta-  oo  =  c  7 • c  L  , 
where  cT  and  cL  are  the  propagation  velocities  ot  ■  ans ver¬ 
se  and  longitudinal  waves,  respectively.  The  norma 1-to- 
the-crack,  components  of  'he  two  shear  waves  form  a  tensile 
1 o  a  d 1 n  g  of  the  crack  turning  first  the  pressure  caustic  at 
the  x  =  -a  tip  into  a  tensile  c  a  u  s  *  1  c .  This  tensile  loa¬ 
ding,  however,  is  hindered  in  its  development  by  the  fact 
that  for  a  cer'ain  time  the  rest  of  the  crack  remains  under 
pressure.  This  time  can  be  calculated  to  2a-C|_<Fig.  33).  In 
the  experiment  of  Fiq.  32  a  time  shift  of  12.5  jjs  is  calcu¬ 
lated  and  also  observed  for  the  onset  of  a  tensile  shadow 
pattern  at  the  x  =  ■*-  a  tip  (dark  line  in  Fig.  32). 

The  resulting  rates  of  stress  intensification  given  in 
Table  3  are  compared  in  Fig.  3©  with  results  of  the  previ¬ 
ous  contract  (Cll,  Fiq.  38)  for  direct  impact  loading.  The 
values  of  Table  4  can  be  averaged  because  the  impact  velo¬ 
city  was  constant  52  m/s  with  all  tests.  One  point,  there¬ 
fore,  represents  all  data  for  the  crack  tip  x  =  -a  (open 
circle)  and  another  one  (full  circle)  is  the  mean  value  for 
the  x  =  +  a  crack  tip,  the  interesting  one.  For  one  shot, 
ft  946,  the  data  for  the  left  tip  is  extremely  high  which 
seems  to  be  unrealistic.  A  second  mean  value  has,  therefo¬ 
re,  been  calculated  with  this  data  not  taken  into  account. 
This  is  given  in  Table  4  and  in  Fig.  36  (dashed  circle)  be¬ 
cause  it  might  better  represent  reality.  The  increase  in 
stress  intensification  must,  be  considerably  hand  leaped  by 
the  stress  closing  the  remainder  of  the  crack  and  should, 


therefore,  be  smaller  than  the  previous  values.  The  intere¬ 
sting  result  of  these  investigations  is  demonstrated  by  the 
black  dot  in  the  diagram  t  F  1  g  .  36)  showing  that  the  rate  of 
the  stress  intensification  is  increased  by  more  than  a  fac¬ 
tor  of  2  with  this  method  of  unloadinq  a  compressed  crack 
by  a  shear  wave  combination.  These  experimental  findings 
show  what  was  expected  by  the  drawing  of  Fiq.  33. 

From  Fig.  33  it  is  also  obvious  that  the  crack  length  does 
not  have  an  influence  on  the  rate  dK/dt  which  is  verified 
by  Fig.  34.  Increasing  this  measure  just  shifts  the  x  =  +a 
curve  to  the  right  (Fiq.  32).  An  influence  of  the  width  h 
on  the  rate  dK/dt  which  was  measured  with  this  program 
(Fig.  35)  may  be  due  to  a  reduced  energy  density  in  the 
specimen  with  increasing  width  (i.e.  increasing  volume). 
This  reduces  the  rise  time  of  the  stress  pulse  and  conse¬ 
quently  also  the  rise  time  of  the  shear  waves  which  direct¬ 
ly  determines  dk-''dt.  These  shear  waves  are  also  rarefaction 
fans  with  rise  times  depending  on  propagation  distance.  It 
must,  therefore,  be  expected  that  with  increasing  height 
the  rate  d  K- d  t  of  the  stress  intensity  factor  decreases. 
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List  of  symbo 1 s : 

#  shot  number 

2a  crack  length 

h  specimen  height 

v0  impact  velocity 

K  rate  of  stress  intensity  factor 


Table  4  Test  conditions  and  results  of  cracks  loaded  in 
tension  by  superimposing  shear  waves 


Fig.  31  High  speed  series  of  shadoi-i  optical  photographs; 
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F .  WORK  ON  RESEARCH  TASK  4 : 

IMPROVEMENT  OF  THE  SHADOW  OPTICAL  METHOD  IN  REFLECTION 

Within  the  previous  contract  shadow  optical  pictures  have 
been  photoqraphed  in  reflection  with  high  strength  steel 
specimens  impacted  under  direct  loading  conditions.  These 
photographs  showed  disturbances  due  to  surface  waves.  The 
larger  the  impact  velocity  and  the  larger  the  observation 
time  the  more  severe  were  the  observed  disturbances  (see 
Fig.  37).  K  measurements  were  limited  to  rather  modest  im¬ 
pact  velocities.  It  has  been  proposed,  therefore,  to  im¬ 
prove  the  procedure  of  photograph  mq  shadow  optical  pictu¬ 
res  i n  reflection. 

After  a  study  of  the  shadow  optical  imaging  process  (.for 
the  shadow  optical  method  see  Appendix  and  141)  and  the 
sensitivity  of  the  shadow  optical  effect  resulting  for  dif¬ 
ferent  stress- strain  concentration  problems,  a  way  was 
found  to  reduce  the  disturbances  result  inq  from  Rayleiqh 
surface  waves  that  an  evaluation  of  crack  tip  shadow  pat¬ 
terns  at  increased  impact  velocities  becomes  possible. 

For  illustration  of  the  technical  background  on  which  this 
improvement  is  based,  three  stress-strain  concentration 
problems  with  different  stress  gradients  are  considered 
(see  [ 4 1  and  Fig.  38): 

( a )  a  circular  hole  subjected  to  bi-axial  stresses  p  ,  q  , 

C  b )  a  point  load  acring  on  a  half -  plate,  arid 
(c)  a  crack  under  mode  I  tensile  loading. 

The  curves  D  ( z  0  '  ,  combining  the  size  D  of  a  characteristic 
measure  in  the  reference  plane  (in  the  shadow  pattern)  with 
the  distance  z0  between  specimen  and  this  plane  for  these 
three  problems  are  given  by  'see  [A]): 


i  a  I  b  I  c 

Dj  C0  >  =  Aj  m  1  _q  z  9  ,  - I - I -  <  1  ) 

q  =  1  -3  I  l-'4  I  2/3 


2  -  z° 

m  =  - ,  Z  =  z0  +  zi  (2) 

Z 

m  is  the  magnification  or  scaling  factoi  due  to  not  paral¬ 
lel  light.  Z  is  the  distance  from  light  source  to  specimen 
and  the  factors  A  contain  all  constants  of  minor  importance 
in  this  context.  The  geometrical  relationships  applied  with 
this  work  are  illustrated  in  Fig.  39.  This  is  the  case  of 


convergent  light  with  m  <  1. 


For  these  three  problems  the  resulting  stresses  vary  with 
1  / r 2  ,  1  / r  and  1  /'K7r ,  respectively,  where  r  is  the  radial  di¬ 
stance  from  the  oriqin,  defined  in  Fig.  38.  In  a  shadow  op¬ 
tical  arrangement  with  convergent  light  beams  the  largest 
shadow  patterns  for  these  three  stress-strain  concentration 


Fig.  3  7  Disturbances  of  shadow  patterns  obtained  in 

reflection  with  steel  specimens  due  t  n  surface 
Rayleigh  waves 


CIRCULAR  HOLE  UNDER 
BIAXIAL  STRESS  field 


COMPRESSIVE  EDGE  LOAD 
ON  HALF  PLANE 


CRACK  TIP  UNDER 
TENSILE  (MOOE-II  LOADING 


y 

1 _ I _ 

r _ 

-U  <  IfX+TT 

rT~T^_rr~rn 

l  a  )  L  b  )  '  .  C  -T 

Fig.  38  Stress  concentration  problems  of  different  stress 
s  l  ngu  1  a  r  i  t  l  es 


problems  are  obtained  tor  distances  z0  between  the  specimen 
and  the  shadow  optical  image  plane  (reference  planet  given 
by  the  relations 
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It  can  be  deduced  from  this  that  in  order  to  observe  the 
largest  possible  shadow  pattern  the  distance  z0  of  the  re¬ 
ference  plane  from  the  specimen  must  be  larger  for  the 
stress-strain  concentration  problem  with  the  lower  gra¬ 
dient.  These  relationships  D  l  z  0  are  plotted  in  Fig.  40. 

Since  the  variations  in  stresses  associated  with  Rayleigh 
waves  are  considered  smaller  than  those  which  are  obtained 
around  c  r  a  c  k  tips,  it  is  speculated  that  distances  z0  for  a 
best  visualization  of  Rayleigh  wave  shadow  patterns  must,  be 
larger  than  those  for  crack  tip  shadow  patterns.  Conse¬ 
quently,  if  the  distance  z0  is  reduced  to  a  value  smaller 

than  the  optimum  distance,  then  the  reduction  in  the  shadow 
optical  effect  is  expected  to  be  larger  for  Rayleigh  wave 
patterns  than  for  c  rack  tip  patterns. 

In  order  to  prove  this  hypothesis  shadow  optical  pictures 
for  Raleigh  wave  disturbances  had  been  photographed  with 
different  distances  zD  of  0.75  m,  0.4  m,  0.2  m  (Fig.  41). 
As  expected,  the  disturbances  are  less  pronounced  with 
smaller  distances  z  0 •  F i q .  42  shows  shadow  optical  patterns 

of  both  the  Raleigh  wave  disturbances  and  the  crack  tip 
patterns  for  two  distances  z0 ,  1.5  m  and  0.75  m.  The  di¬ 
stance  z0  =  1.5  rn  is  the  optimum  distance  tor  a  best  visua¬ 
lization  of  crack  tip  patterns  which  was  used  in  the  pre¬ 

vious  contract  for  measuring  fracture  toughness  values  at 
high  loading  rates.  A  reduction  in  the  shadow  optical  sen¬ 
sitivity,  has  a  larger  effect  on  the  Rayleigh  wave  distur¬ 
bances  than  on  the  crack  tip  patterns,  as  was  expected.  The 
crack  tip  shadow  pattern  observed  at  a  distance  z0  =  0.75  m 
is  smaller  than  that  for  z0  =  1.5  m  but  is  still  suffi¬ 
ciently  large  for  reliable  quantitative  evaluations.  Ray¬ 
leigh  wave  shadow  patterns,  however,  are  very  much  reduced 
in  their  intensity  and  the  disturbances  now  allow  a  better 
and  less  disturbed  measurement  of  the  size  of  the  crack  tip 
shadow  patterns.  With  this  improved  shadow  optical  arrange¬ 
ment  most  of  the  experiments  of  this  report  have  been  per- 
f  ormed . 

This  procedure,  the  reduction  of  the  observation  distance, 
however  ,  has  consequences  which  have  to  be  taken  into  con¬ 
sideration.  With  a  real  material  limitations  arise  by  the 
size  of  the  plastic  zone  represented  by  its  radius  rpi.  This 
quantity  is  given  accordinq  to  ASTM  E  616  for  plain  stress 
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This  is  illustrated  with  the  yield  strenqth  as  a  parameter 
by  Fig.  43.  rt  reduced  distance  z  0  of  the  shadow  optical 
image  plane  reduces  also  the  radius  r0  of  the  initial  curve 
on  the  specimen  surface  which  depends  on  this  distance  as 
well  as  on  the  applied  stress  intensification  K : 

r  -i  2  5 

3Kz0c(d/2) 

P°  [  2f2ffm 

This  formula  is  illustrated  for  the  conditions  z0  =  0.75m, 
4  =  3.3 m  and  a  specimen  thickness  of  20 mm  and  the  material 
parameters  \J  =  0.32  and  h  =  183  GPa  by  Fiq.  41.  The  decrea¬ 
se  of  this  circle  with  the  decreasing  distance  of  the  r  e  f e - 
re nee  plane  causes  new  errors  when  the  radius  of  the  plas¬ 
tic  zone  becomes  comparable  with  the  radius  of  the  initial 
curve  because  ot  the  no  longer  fulfilled  condition  of  small 
scale  yielding  on  which  the  theory  of  the  shadow  optical 
method  is  based. 

Fig.  ^4  is  an  example  for  a  very  specific  material  >  the 
high  strength  steel  X2  N i Co Mo  18  ?  5,  with  the  parameters 
CTy  =  2  bPa,  F  lc  =  'U  llPaVTT,  which  results  in  rp|  l  mm, 
Young's  modulus  E  =  187  GPa  and  Poisson's,  rati  a  =  0.32' 
and  for  the  specific  experimental  :  o  n  d  l  t  i  o ns  of  Fig.  3 9  >  . 
Changing  the  material  or  the  optical  arrangement  demands 
the  calculation  of  a  new  set  ot  curves.  These  figures,  ho¬ 
wever,  demonstrate  that  for  most  materials  and  for  suitable 
optical  conditions  both  radii  are  of  comparable  size.  If 
this  is  true  'which  is  fortunately  not  the  case  with  the 
high  .lie.,  . ;  1 .  steel  1  there  is  presently  only  one  we,  t  o  jet 
reliable  results:  a  calibration  curve  where  the  shadow  spot 
diameter  is  related  to  the  mechanically  determined  stress 
intensity  factor  has  to  be  established  in  static  experi- 
men  t s . 
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6 .  APPEND  I  a 

THE  SHADOW  OPTICAL  METHOD  OF  cAUSTIC'E 

The  method  of  caustic;-  is  an  optical  tool  for  measuring 
stress  concentrations.  It  was  introduced  t y  Manoqg  t6l  in 
196  a  and  has  been  develops  a  further  later  or,  by  Theocaris 
e  t  a  1 .  17,  a  I  ,  Ro  s  a  k i s  191,  and  Ka Ithotf  et  a  1  -  110,  111. 

The  physical  principal  of  the  shadow  optical  method  of  cau¬ 
stics  is  illustrated  in  Fig.  ml.  A  cracked  specimen  subjec¬ 
ted  to  mode  1  tensile  loading  is  illuminated  from  the  left 

side  by  a  parallel  light  beam.  The  specimen  is  made  from  a 
transparent  material.  A  cross  section  through  the  specimen 

|  near  the  crack  tip  is  shown  on  the  right  sioe  of  the  figu- 

!  re.  Due  to  the  stress  concentration  at  the  crack  tip  the 

physical  conditions  are  changed:  The  thickness  o  t  the  s  p  e - 
cimer,  and  the  refractive  index  O'-  the  material  are  reduced. 
Consequently,  the  area  surrounding  the  c  rad  tip  behaves  m 
a  manner  similar  as  a  divergent  lens  deflecting  light  rays 

outwards.  However .  in  this  case  light  deflection  is  the 

larger  the  nearer  to  the  crac!  tip  the  light  beam  traverses 
the  spec  irnen.  Consequent  iv  ,  on  a  screen  at  3  distance  za 
behind  the  specimen  a  shadow  pattern  is  observed  which  is 

s u  r ecu n dec  o  y  a  b r  i  g  h  t  1  l g  h t  c one  entrst  i o n  area,  the  focal 
line  or  caustic.  The  size  o -  the  shadow  pattern  is  q u a n - 

t  itative  measure  o>  the  stress  intensity  ’actor  •.  t  the 

crac  k  tip. 

Shadow  patterns  cannot  only  ce  observed  in  ■ ea .  image  pla¬ 
nes  which  is  i  r,  observation  direction  before  the  specimen, 
as  is  illustrated  m  rig.  h1 .  Also  v i r  tua I  shadow  patterns 
in  virtual  imaqe  planes  'behind  the  specimen1  can  be  made 
visible  and  recorded  if  a  lens  is  used  tor  transformation 
into  the  real  space.  This  can  be  dor e  by  the  lens  ot  a  ca¬ 
mera.  In  analogy  to  the  considered  transmission  arrangement 
shadow  patterns  can  also  be  observe a  with  non-transparent 
materials  l  n  reflection  fhe  specimen  sur i ace  has  to  be  a 
mirror.'.  In  these  cases  the  light  beam  deflection  is  caused 
by  deformations  on  the  specimen  surface  only,  in  t  et  lection 
the  observation  direction  is  reverse  with  regard  to  the 
transmission  arrangement,  but  similar  to  the  transmission 
case  real  or  virtual  shadow  patterns  can  be  observed  in  ob¬ 
servation  direction  before  respect  l '  *e 1 y  behind  the  spe¬ 
cimen.  Furthermore,  analogous  to  the  tensile  mode  1  loading 
case  considered  in  Fig.  A i  shadow  patterns  can  aUc  be  ob¬ 
served  for  compressive  mode  1  loading  conditions  and  under 
t  shear  mode  II  loading  conditions. 

Calculated  caustics  and  light  intensity  distributions  of 
s  various  shadow  patterns  are  shown  in  Fig.  A2 .  These  can  be 

observed  in  real  and  virtual  image  planes  with  cracks  under 
positive  and  negative  mode  I  or  mode  II  loading  conditions 


in  transmission  or  in  reflection  recording  a  r  rangernen  c  s  .  In 
principal,  any  kind  of  caustic  observed  under  any  observa¬ 
tion  mode  can  be  used  for  quantitative  determination  of 
stress  intensity  factors.  For  the  mode  I  loading  case,  how¬ 
ever,  it  is  appropriate  choosing  a  recording  arrangement 
that  leads  to  a  caustic  of  the  form  tat  since  shadow  spots 
can  be  evaluated  more  accurately  than  the  light  concentra¬ 
tion  configuration  t b ) .  With  the  characteristic  length  pa¬ 
rameters  D  def  ined  in  Fiq.  h2  the  stress  intensity  factors 
K  |  and  K  (t  are  determined  by  the  relations 
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(.2  -  z  o  )  /  2  ,  scaling  factor  ;  m  =  1  for  parallel 

light  (see  Fig.  42' 
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practical  application  of  the  caustic  technique  the 
curves  and  the  light  intensity  distributions  shown 
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in  Fiq.  42  as  well  as  the  the  eqs.  (h1  i  and  t  h2  )  have  to  be 
Mdif  led:  With  optical  lv  anisotropic  materials  like  Araldi- 
te  B,  for  example,  the  single  caustic  curve  considered  so 
far  splits  up  into  a  double  caustic,  and  with  non-parallel 
light  beams  which  are  used  in  most  practical  applications 
additional  scaling  factors,  rn  ,  are  necessary  in  eqs.  1  Hi  1 
and  ( A 2 ) .  h  review  on  the  shadow  optical  method  of  caustics 
and  its  applications  is  qiven  in  [4]. 
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